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ABSTRACT
Temperature measurements are critical in gas turbine engine design but difficult to obtain due to the extreme environment. Temperature indicating paints (thermal paints) have been used for decades to map maximum temperature fields on superalloy components but have numerous weaknesses. Developed here are three novel
glass ceramic thermal paints that undergo viscous flow sintering to indicate temperatures up to 900°C, with high resolution (±5°C), by an optical transition. The paints
adhere to Nickel-based superalloys due to their matching coefficients of thermal expansion and function for times above 60 hours. By utilizing automation and a
UV:VIS spectrometer, quantitative temperature maps can be generated for easy comparison to theoretical models. A transient sintering energy model was developed that
can recover full thermal history information; a feature no other thermal paint system
can provide.
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CHAPTER 1
INTRODUCTION
From a thermodynamic perspective, the gas turbine is a simple heat engine converting chemical potential energy to mechanical work powering our world. From a design
perspective, these engines present an ever-evolving challenge to enhance performance,
increase efficiency, and improve reliability. The goal in designing a gas turbine is to
maximize thermodynamic efficiency while keeping costs low and adhering to stringent
environmental regulations. What follows are extreme operating conditions and complex
designs made of exotic refractory materials.
Modern gas turbines operate at temperatures upwards of 2000°C [Saraçyakupoğlu
2021], nearly twice as hot as lava [Burgi et al. 2002], and are subject to forces exceeding
50,000 g [Tougas et al. 2013]. Ordinary alloys like steel or aluminum melt at these
conditions. Therefore, nickel-based superalloys, such as Inconel 718, are the predominant material used in construction of the engine hot section for their exceptional thermomechanical properties [Agazhanov et al. 2019]. Future engines will rely on Ceramic
Matrix Composites and will repla superalloys as they are refractory and have superior
thermomechanical properties [Rivera & Gregory 2020].
Accurate and reliable surface temperature measurements are critical to many aspects of engine design. However, due to the extreme nature of the environment, these
measurements remain a challenge. Many temperature sensing technologies have been
developed to meet this demand, the most common being thermocouples, optical pyrometry, and temperature indicating paints (thermal paints).
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Thermal paints act as a passive, wireless, irreversible temperature sensor by indicating maximum temperature through qualitative transitions in color. The major benefit of thermal paints is their ability to profile the full temperature field as opposed to
point measurements of temperature. Although thermal paints have been used in gas turbines for decades [Rupesh et al. 2019], they have limitations: poor adhesion, small temperature ranges, low resolution, lack quantitative results, and are only capable of indicating maximum temperature [Burke et al. 2022]. This work seeks to improve upon the
shortcomings of traditional thermal paints by:
1. Fabricating high-resolution thermal paints, based on the sintering of glass ceramics, with strong adhesion to nickel-based superalloys.
2. Developing an automated system that quantifies thermal paint transitions using
UV:VIS spectroscopy and generates digital surface temperature maps.
3. Establishing a sintering model capable of recovering the full thermal history, not
merely maximum temperature.
The ultimate goal of this project is to enhance the lens through which designers see to
assist in building the engines of tomorrow.
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CHAPTER 2
LITERATURE REVIEW
2.1 Temperature Measurement
Thermocouples remain the gold standard in temperature measurement for their
precise resolution, large temperature range, and simplicity. Thermocouples take advantage of the Seebeck effect, where an electrical potential is created when two ends of
a wire are at different temperatures [Shannon & Butler 2003]. Temperature is derived
from the voltage measured in the circuit of the known materials. Conventional thermocouples are not ideally suited for the engine environment due to their mass and bulkiness.
Thin film thermocouples provide considerable advantage over conventional
thermocouples for gas turbine applications. First, their thickness is on the order of a few
micrometers and will not adversely affect the flow pattern of gasses through the engine
[Lei & Will 1998]. Second their low thermal mass (𝜇𝑔) yields faster response times
(<1𝜇𝑠) and negligible affects from vibrational modes of rotating components [Tougas
& Gregory 2013]. Third, being directly deposited onto the surface of a component eliminates the need for high temperature adhesives, while simultaneously increasing measurement accuracy [Wrbanek et al. 2012].
Wireless thermocouples are non-intrusively embedded on components and
transmit data to a receiver outside the engine [Yang 2013]. They are best used in locations where routing wires to an outside data acquisition system is too difficult [Gregory
et al. 2010]. However, current wireless thermocouples are unable to operate under the
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same temperatures and forces associated with traditional wired thermocouples. The inherent disadvantage of thermocouples is the inability to map surface temperatures due
to the low spatial resolution of point measurement.
Optical Pyrometry is line of sight method used for surface temperature measurement by means of thermal radiation emitted by the object. The intensity of radiant energy from an object is compared to a calibrated incandescent filament for temperature
measurement [Lee & Kostkowski 1962]. Pyrometry has unique attributes such as: no
upper limit of temperature detection, instantaneous response time, and non-contact
measurements [Kerr & Ivey 2004]. Current pyrometry techniques can map steady state
and transient surface temperatures with resolution rivaling thermocouples [Wang et al.
2022; Mekhrengin et al. 2019] and operate on blades rotating at 14,000 rpm [Taniguchi
et al. 2006]. The greatest challenge of pyrometry is installing the device with proper line
of sight while preserving spot size, accuracy, resolution, and not disturbing the operation
of the engine itself [Kostkowski et al. 1962]. This is nearly impossible in the combustor
section where temperatures are the highest and access is restricted.
Temperature indicating paints, or thermal paints, globally map maximum temperature inside gas turbine engines by undergoing transitions in color due to chemical
reactions [Rupesh et al. 2019; Yang & Zhi-min 2015; Arulprakasajothi & Rupesh 2022;
Neely et al. 2010]. Thermal paints are sprayed onto a component in the engine without
need for line of sight or wire routing. This is most beneficial in relatively inaccessible
regions, such as the combustor liner, or regions at high velocity, such as blades.
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The result of thermal pants sprayed on a turbine rotor and used in an engine test are
pictured in Figure 2-1.

Figure 2-1: Thermal paints sprayed on turbine rotor used in an engine test [Yang &
Zhimin 2015].

Thermal paints often experience poor adhesion [Arulprakasajothi & Rupesh
2022; Neely et al. 2010]. This is a critical problem, because if the paint does not stick to
the surface during engine tests there is no measurement. Most thermal paints rely on an
operator’s interpretation of color, as opposed to an analytical technique for temperature
measurement and thus, have relatively low resolution [Rupesh et al. 2019; Yang & Zhimin 2015; Arulprakasajothi & Rupesh 2022]. Temperature range is a problem for thermal paints when they cannot detect the full spectrum of temperatures in the gas turbine
and are heavily influenced by the time at high temperature [Rupesh & Arulprakasajothi
2021; Yang & Zhi-min 2015; Neely et al. 2010]. The intrinsic disadvantage of thermal
paints is their irreversible transition, i.e. they are only able to give information regarding
maximum temperature, unlike thermocouples which record the full thermal history. An
example all these problems is obvious in Figure 2-2.
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Figure 2-2: A thermal paint sprayed on the outside of a vehicle used in hypersonic
testing accompanied by the color palette for temperature indication [Neely et al. 2010].

There is a need to interpret thermal paint data quantitatively to increase temperature range and resolution and eliminate subjective interpretation. A 3D scanner has
been used to capture the color of thermal paints on components, compare to calibration
data, and generate maximum surface temperature maps digitally overlayed on engine
components [Lempereur et al. 2008]. This technique increased resolution to 10°C for
some paints and 100°C for others. In hypersonic flight testing, thermal paints are spayed
on the surface of a vehicle to measure maximum temperature due to drag forces [Neely
et al. 2010]. The paint undergoes color changes in response to temperature and was
captured quantitatively using a spectrophotometer. The technique seems promising,
however, the thermal paints chosen only function at low temperature for short times
(<700°C & <15 min), which is problematic for gas turbine applications. Phosphor based
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thermal paints have been developed that undergo permanent changes in their luminescent properties as opposed to optical properties for temperature indication [Heyes et al.
2012; Peral et al. 2021; Araguas et al. 2018; Rabhiou et al. 2011; Pilgrim et al. 2018;
Lee et al. 2019]. These coatings are capable of quantitative temperature measurement
upwards of 1400°C, with high resolution, for long periods of time (>4500 hours) and
have been proven to work in non-dedicated engine tests [Peral et al. 2021] shown in
Figure 2-3. However, questions remain about the adhesion to engine components, the
effects transient temperature, and if absolute temperature can be recovered from the
phosphor based thermal paints.

Figure 2-3: Post engine test combustor flame tube sprayed with the phosphor based
thermal history coating and the corresponding quantitative temperature map [Peral et
al. 2021].
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A second type of thermal paint, known as thermal fuses, indicate if temperature
has exceeded a particular value with high resolution [Gregory & McCauley 1992; Gregory & McCauley 1994; Trottier 1991]. Thermal fuses utilize the sintering of glass-ceramics to indicate temperature by a transition in color, opacity, and texture. They are
best used in diagnostic testing to validate that an engine is operating within design parameters and not for full thermal mapping due to their limited temperature range. A
thermal history sensor, also based on the sintering of glass-ceramics, functions in a capacity far beyond thermal fuses. They can report information regarding thermal excursions to monitor the health of operational gas turbines [Fair et al. 2008]. The sintering
of glass-ceramics has been used for diagnostic testing and the work here proposes adapting it for use in thermal mapping [Burke et al. 2022].
2.2

Sintering
Sintering is the coalesce of discrete metal or ceramic particles to form a single

solid state while simultaneously eliminating porosity. Sintering is often used as a processing technique to fabricate advanced ceramics with superior mechanical and optical
properties [Rahaman 2003]. Many variables affect sintering and can be divided into two
categories: material and environmental. Material variables include chemical composition, powder shape, size, and distribution. Environmental variables are the conditions
the powder is exposed to such as temperature, time, pressure, atmosphere…etc. Sinter1

2

ing occurs in three stages and is initiated at a temperature between 2 and 3 of the absolute melting temperature of the powder [Suk-Joong 2005].
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An illustration of solid-state sintering is shown in Figure 2-4. Here the elimination of pores is accompanied by grain growth. The effects of sintering on microstructure
give rise to changes in the optical properties and are illustrated in Figure 2-5.

Figure 2-4: Illustration of the stages of sintering showing increased grain size and
elimination of pores.

Figure 2-5: Illustration of the change in optical properties of a glass ceramic due to
sintering [Gregory & McCauley 1992].
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Viscous materials like glass follow a viscous flow sintering mechanism first proposed by Frenkel [Frenkel 1945; Kuczynski & Zaplantyskyj 1956].
∆𝑙 𝛾𝑠
≈ 𝑡
𝑙0 𝜇𝑟

(1)

Where ∆𝑙 is the change in length of the glass, 𝑙0 is the initial length of the glass, 𝛾𝑠 is
surface energy, 𝜇 is viscosity, 𝑟 is particle radius, and 𝑡 is time. A more generally accepted sintering relationship [Ku et al. 1990] that has been fit to experimental data [Möller & Welsch 1985] is:
−𝑚𝐸𝑎
∆𝑙
= 𝐴0 𝑡 𝑚 𝑒 𝑅𝑇
𝑙0

where 𝐴0 is a constant, 𝑚 is a rate parameter (~

1

3

(2)
-

1
2

) [Suk-Joong 2005; Vasilos &

Rhodes 1990], 𝐸𝑎 is the activation energy, 𝑅 is the universal gas constant, and 𝑇 is temperature. The rate parameter (𝑚) correlates well with a power function and the natural
logarithm and the two could be conflated in experimental data thus also possible is [Juan
2017]:
−𝑚𝐸𝑎
∆𝑙
= 𝐴0 𝑙𝑛 𝑡 𝑒 𝑅𝑇
𝑙0

(3)

Therefore, the densification of a glass is increased as a power function or logarithmic
function of time and an exponential function of temperature.
The activation energy is important for sintering kinetics and can give insight into
the temperatures over which sintering occurs. Although activation energy varies between compounds, most glassy ceramics have an activation energy between
𝑘𝐽

300-500 𝑚𝑜𝑙 [Rajkumar et al. 2017; Wang et al. 1998; Stevens & Carty 2022, Silva et
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al. 2017, Zhang et al.2018]. This is determined by fitting experimental densification data
and temperature data to the Arrhenius equation [Brinker et al. 1985].
A goal in the study of sintering is to be able to predict densification rates under
different thermal histories. A master sintering curve [Su & Johnson 1996; Frueh et al.
2018] based on the combined stage sintering model [Hansen et al. 1992] was developed
that predicts sintering behavior regardless of heating profile and predicts activation energy that agree with experiment [Baruah et al. 2021]. This is an extremely useful ceramic processing tool when the final state of the material is the goal.
For thermal paints the inverse is needed, a method by knowing the final state
being able to recover the thermal history. Proposed in this work is a new model, the
transient sintering energy model, that can recover information regarding the thermal
history of a glass ceramic, extremely useful as a thermal paint (Burke & Gregory 2022).
Also proposed is the idea that viscous flow sintering in glassy materials begins at the
glass transition temperature (𝑇𝑔) marking the beginning of the thermal paints transition
range. This is supported by measures of the temperature dependence of the activation
energy of the glass transition [Sanditov et al. 2020].
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CHAPTER 3
EXPERIMENTAL
3.1

Fabricating Temperature Indicating Paints
The temperature indicating paints (thermal paints) consist of three components:

glass powders, water, and METHOCEL (cellulose ether). The glass powders used in this
study were MOSCI GL-1734 (Tab. 3-1), MOSCI GL-1705 (Tab. 3-2), MOSCI GL-1862
(Tab. 3-3) and the resulting properties were: glass transition temperature (𝑇𝑔), coefficient of thermal expansion (𝐶𝑇𝐸), and optical transition temperature (𝑇o). Water and
METHOCELL added to the glass powder increases viscosity and binds the paint for
easier application. The constituents are mixed in the following ratio: 5g glass powder: 3
mL METHOCEL (2 wt%): 1 mL water. The thermal paint is shaken vigorously and is
ready for application via spraying.
Chemical Species

Composition (wt%)

P2O5

47.4

Sb2O3

11.8

BaO
ZnO
CaO

11.1
10.6
7.1

K2O

4.3

Na2O

3.5

Li2O

1.9

Al2O3

1.3

B2O3

1.0

Physical Properties
Glass Transition Temperature (Tg)

370 ± 10°C

Softening Temperature (Ts)

408 ± 10°C

Coefficient of Thermal Expansion (CTE)

14.5x10-6°C-1

Mean Particle Size

45μm

Table 3-1: Composition and properties of MOSCI GL-1734 glass powder used in the
GL-1734 thermal paint.
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Chemical Species

Composition (wt%)

SrO

59.2

Al2O3

25.1

B2O3

9.26

NiO

4.73

BaO

1.61

CaO

0.14
Physical Properties

Glass Transition Temperature (Tg)

563 ± 10°C

Softening Temperature (Ts)

598 ± 10°C

Coefficient of Thermal Expansion (CTE)

8x10-6°C-1

Mean Particle Size

45μm

Table 3-2: Composition and properties of MOSCI GL-1705 glass powder used in the
GL-1705 thermal paint.

Chemical Species

Composition (wt%)

BaO

47.0

SiO2

35.0

CaO

15.2

Al2O3

2.8
Physical Properties

Glass Transition Temperature (Tg)

725 ± 10°C

Softening Temperature (Ts)

762 ± 10°C

Coefficient of Thermal Expansion (CTE)

10.3x10-6°C-1

Mean Particle Size

45μm

Table 3-3: Composition and properties of MOSCI GL-1862 glass powder used in the
GL-1862 thermal paint.

3.2

Applying Temperature Indicating Paints
Prior to application, the substrates are polished using silicon carbide paper,

cleaned with isopropyl alcohol, and preheated to 70°C on a hotplate. The thermal paint
is loaded into a spray gun and applied to the surface until the substrate is no longer
visible having thickness of ~45 µm (Figure 3-1).
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Figure 3-1: Photograph of 10 Inconel 718 coupons on a hot plate being sprayed with
a thermal paint with an airbrush.

The painted coupons were placed into a Thermo Fisher Scientific FB1415M
5°C

box furnace at ambient temperature and ramped to 300°C at 𝑚𝑖𝑛 for the binder burnout.
A photograph of the painted coupons ready for high temperature testing is shown in
Figure 3-2.

Figure 3-2: Photographs of (a) Inconel 718 coupon (b) large Inconel 718 coupon (c)
Inconel 718 turbine blade all coated with a thermal paint ready for high temperature
exposure.
14

To capture the temperature ranges and temperature gradients inside an engine,
multiple thermal paints must be placed in close proximity or pixelated as shown in Figure 3-3. A paint based on MOSCI GL-1850, was used solely in this experiment as an
upper limit for temperature indication. A stencil placed over the substrate enabled the
application of different paints near each other without interference.

a

b

Figure 3-3: Photograph of a (a) Inconel 718 substrate pixelated with multiple thermal
paints and (b) diagram of position and temperature range.
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3.3

High Temperature Testing
For the thermal paints to function as wireless temperature sensors the optical

transition had to be calibrated. A diagram of the experimental apparatus used for high
temperature exposure is illustrated in Figure 3-4.

Computer

Figure 3-4: Diagram of the experimental furnace apparatus for testing thermal paints.
The hot zone was isolated from the rest of the furnace using insulating brick and
temperature was recorded using a Type K thermocouple. The thermal paint coated superalloy coupons were inserted into the hot zone and exposed to a temperature between
350 - 950°C for 10 min to 60 hours. The superalloy coupons were then removed and
cooled to room temperature.
3.4

Visual Inspection
After exposure to high temperature, the transition ‘state’ of the thermal paints was

observed by visual inspection allowing for instantaneous temperature information without the need of instrumentation. Each ‘state’ was indicative of temperature, thus, the
thermal paint functions as a passive wireless temperature sensor.
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3.5

UV-VIS Spectroscopy
An Ocean Optics STS-VIS-L-50-400 SMA Microspectrometer with a QR400-7-

VIS-NIR reflection probe and a HL-2000-HP halogen light source was used to quantitatively measure the transition ‘state’ of the thermal paint. The spectrometer was placed 1
cm above and normal to the painted surface and the reflectance spectra of the coupon at
ambient temperature was used as the baseline as shown in Figure 3-5. The measurement
was repeated for coupons exposed to high temperature and the spectra was saved to a
data library.

Figure 3-5: Photograph of a UV: VIS spectrometer reflection probe placed over a thermal paint calibration coupon for baseline measurement.

3.6

Scanning Electron & Optical Microscopy
SEM was used to observe the microstructure of the thermal paint at various

stages of transition and was correlated with the observed optical properties. An optical
microscope was used to quantify thermal paint densification at the different stages of

17

sintering. To achieve thickness measurements, a thermal paint was applied to half of the
substrate shown in Figure 3-6.

Figure 3-6: Photograph of a calibration coupon coated with a thermal paint in preparation for thickness measurement.

The boundary between the paint and substrate was observed under the microscope and focused on the top surface of the paint. The working distance was varied until
the substrate came into focus and the difference on the fine focus wheel was a measurement of the paint. This method of determining thickness had micrometer resolution. This
measurement was conducted before and after high temperature exposure to obtain density information.
3.7

Automation
Rastering the spectrometer over a superalloy coupon with a thermal paint ena-

bled automation of spectral measurements with increased spatial resolution, decreased
operator error, and streamlined the process. This produced digital temperature maps of
the component surfaces which could be used for seamless comparison between experimental data and theoretical mapping. An illustration of the final system comprising a
18

spectrometer, gantry system, computer, and combustor liner coated with a thermal paint
is shown in Figure 3-7.

Figure 3-7: Illustration of a UV: VIS spectrometer incorporated into a gantry to measure the reflectivity of a combustor sprayed with a thermal paint.

Light traces in the gantry were necessary since the locations and angles of the
spectrometer were kept constant during the baseline and post-high temperature measurements. These traces were generated using computer aided manufacturing (CAM) and
computer aided design (CAD). An example of a spectrometer trace made using CAM
software over the surface of a component is shown in Figure 3-8. A flowchart of the
automated thermal paint system used to produce qualitative and quantitative temperature maps is shown in also Figure 3-9 for completeness.
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Figure 3-8: Spectrometer trace generated in CAM (Fusion 360) on a coupon designed
in CAD (AutoCAD) to be used by the gantry system.

Figure 3-9: Flow chart of the automated temperature indicating paint system to produce
qualitative and quantitative temperature maps of engine components.
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CHAPTER 4
RESULTS & DISCUSSION
Glasses undergo viscous flow sintering, starting at the glass transition temperature
(𝑇𝑔) [Sanditov et al. 2020], and produces in microstructural changes in the coating that
give rise to an optical transition. These glasses can be fabricated into thermal paints for
temperature indication, provided they adhere to the substrate during exposure. The thermal paints offer exceptional adhesion to the nickel-based superalloys due to their excellent match in coefficient of thermal expansion (CTE) [Agazhanov et al. 2019]. However,
paint adhesion can be poor when components are quenched, which is not likely in a real
engine test. The paints indicate temperature with high resolution both qualitatively and
quantitatively but have some limitations. There is an inherent tradeoff between temperature range and resolution due to the limits of the optical transition (Fig. 4-1).

Figure 4-1: Temperature resolution vs. range of the thermal paints showing the inherent tradeoff due to the limits of the optical transition.

21

4.1

Qualitative Transition
The thermal paints show an obvious and distinct transition in color, opacity,

and texture when exposed to temperatures as shown in Figure 4-2.

Figure 4-2: Photographs of (a) GL-1734, (b) GL-1705, & (c) GL-1862 paints showing
transitions when exposed to 10 minutes at temperature.

At ambient temperature, the paints appear as a granular, opaque white powder.
As temperature increases the paints darken then transition to a smooth glassy film. The
temperature at which the transition goes from opaque to glassy occurs was defined as
the Optical Transition Temperature (𝑇𝑜). Each paint has a distinct Optical Transition
Temperature (𝑇𝑜) and transition temperature range determined by its glass transition
temperature (𝑇𝑔).
SEM was used to conducted to confirm the sintering mechanism and relate the
coating microstructure to the observed optical properties. The SEM micrographs in Figure 4-3 capture the transition in surface morphology relationship and give insight into
the optical properties.
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Figure 4-3: SEM micrographs of a thermal paint at (a) the glass transition temperature
(𝑇g), (b) the Optical Transition Temperature (𝑇o), and (c) 30°C above the Optical Transition Temperature, showing surface changes due to sintering.

At the glass transition temperature (𝑇𝑔) the microstructure consists of discrete
particles that scatter light diffusely causing the opaque white appearance (Fig. 4-3a). At
the Optical Transition Temperature (𝑇𝑜) the grains coalesce into a glassy network trapping light in the pores causing the paint to appear black (Fig. 4-3b). At temperature
beyond the Optical Transition Temperature the remaining pores are eliminated forming
a dense glass film where light can penetrate to the superalloy substrate causing specular
reflection (Fig. 4-3c). This is classic sintering phenomena predicted by the illustrations
in Figures 2-4 and 2-5.
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4.2

Quantitative Transition
The nature of the transition in the thermal paints is simply a transition in the

visible light reflected off the surface. Thus, quantifying this optical transition with a
UV:VIS spectrometer was an obvious next step. The spectral interpretation of the GL1734 thermal paint transition shown in Figure 4-2a is presented in Figure 4-4.

Figure 4-4: UV:VIS spectra of thermal paint (GL-1734) optical transition seen in Figure 4-2.

The coated coupon at room temperature is defined as 100% reflective and is
used as the baseline measurement. From ambient temperature to 400°C, there is no
change in optical properties of the paint. From 400 - 420°C light is reflected (diffuse
reflectance), however, there is a drop in reflectivity due to the transition from white →
grey → black. Immediately after the Optical Transition Temperature (420°C) there is a
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sharp rise in reflectivity and variability in wavelength because of the glass films specular reflection indicating a total transition has occurred. At higher temperatures the optical properties are no longer discernible thus, the thermal paint is out of range. The
UV:VIS spectra of the optical transition is consistent for all the thermal paints investigated . This suggests the sintering mechanism is similar in of the paints but occurs at
different temperatures.
For the thermal paints to function as quantitative temperature sensors, a correlation between the quantitative optical properties and temperature must be made. A minimum in reflectivity of the thermal paint in the visible spectrum (𝑅∗) is plotted as a
function of temperature (Figure 4-5).
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a

b

c
Figure 4-5: Minimum reflectivity vs. temperature and the corresponding qualitative
optical properties for (a) GL-1734, (b) GL-1705, (c) GL-1862. Exposure time = 10
minutes.
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The optical transition was quantified using reflectivity data (Fig. 4-5) and fit to
polynomials of the form:
𝑅 ∗ (𝑇) = 𝐴𝑛 𝑇 𝑛 + 𝐴𝑛−1 𝑇 𝑛−1 + ⋯ 𝐴0

(4)

where 𝑅∗ is the minimum reflectivity in the visible spectrum, 𝑇 is temperature, and 𝐴
and 𝑛 are parameters that fit the reflectivity data.
The results shown in Figure 4-5 correspond to the qualitative transition shown
in (Fig. 4-2 and 4-3) and the spectral data in (Fig. 4-4). From room temperature to the
glass transition temperature (𝑇𝑔) the paint appears white, opaque, and is defined as 100%
reflective. After reaching 𝑇𝑔 , sintering and the optical transition is initiated. The paint
darkens reaching minimum reflectivity at the Optical Transition Temperature (𝑇𝑜). At
higher temperature a glass film develops causing reflectivity to increase again.
Due to the nature of the temperature – reflectivity graphs, an input reflectivity
can output a pair of temperatures. The real temperature can be deduced either qualitatively or quantitatively by asking the following questions: Is the paint opaque,
glassy/transparent? Is there a plateau in reflectivity between 650 – 750nm? The answer
to either question will determine if the real temperature is the lesser or greater of the two
possible temperatures.
UV:VIS spectroscopy is a simple, nondestructive, measurement that quantifies
the optical transition in the thermal paints and can indicate temperature with accuracy
and precision far above visual observation. However, qualitative observations with the
naked eye are a fast and easy method to increase confidence in the results.
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4.3

Time Effects

The sintering of the glass powders comprising the thermal paints is a function of time
at temperature. For the thermal paints to function for long periods of time, this phenomenon must be well understood. The Optical Transition Temperature (𝑇𝑜) of the thermal
paints as a function of log-time is shown in Figure 4-6. The results are consistent with
viscous flow sintering models proposed by [Rahaman 2003].

Figure 4-6: Optical Transition Temperature as a function of time for the GL-1734,
GL1705, GL1862 thermal paints. Note their logarithmic time dependence.

The Optical Transition Temperature (𝑇𝑜), and the transition range, decay as a
logarithm of time and was verified experimentally up to 60 hours. This led to the following issue: a thermal paint exposed to two different temperatures and times could
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have the same optical properties. Therefore, to accurately disseminate temperature, information regarding the time of exposure is critical to the implementation of the thermal
paints.
A model that incorporates both time and temperature is achieved by combining
the reflectivity-temperature relationship (Eqn. 4) with the logarithmic transition temperature decays (Fig. 4-6) to produce the following mathematical model.
𝑅 ∗ (𝑇, 𝑡) = 𝐴𝑛 (𝑇 + 𝐵 𝑙𝑛 𝑡)𝑛 + 𝐴𝑛−1 (𝑇 + 𝐵 𝑙𝑛 𝑡)𝑛−1 + ⋯ 𝐴0

(5)

Where 𝑡 is time in hours, and 𝐵 is a constant. The results of the model, time - temperature - reflectivity surfaces are useful as lookup tables by inputting time of exposure and
reflectivity data to recover maximum temperature and are shown in Figure 4-7.

a

a

c
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a

bb
a

cc
a

Figure 4-7: Time-Temperature-Reflectivity surfaces of (a) GL-1734, (b)GL-1705, and
(c) GL-1862 used as temperature lookup tables.
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4.4

Application Testing
For a thermal paint system to meet the demands of engines designers to verify

engine designs it must accurately capture severe temperature gradients. Shown in Figure
4-8 are the qualitative and quantitative results of an Inconel 718 coupon sprayed with
the GL-1705 thermal paint and subjected to a temperature gradient for one-hour. This
was tracked using a Type K thermocouple for comparison.

Figure 4-8: GL-1705 thermal paint and thermocouple on an Inconel coupon exposed
to a temperature gradient for 1 hour.

The thermal paint shows an optical transition indicating maximum temperature
in the center of the coupon. By employing a UV:VIS spectrometer and referring to the
look-up table (Fig. 4-7b, Eqn. 5), quantitative temperature data was obtained that closely
matches the qualitative transition. Comparison with the thermocouple data confirms the
thermal paint system is very accurate.
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The benefit of quantitative temperature measurements is the ability to generate
temperature maps superimposed on component surfaces. This enables the seamless
comparison between simulation models and experimental data, highly sought after by
engine designers. The results from Figure 4-8 are overlayed on a 3D model of the superalloy coupon shown in Figure 4-9.

Figure 4-9: A temperature map using data from Figure 4-8 and overlayed on a 3D
coupon for comparison purposes.

The limitation of a using a single thermal paint in an engine application is apparent because the paint can only detect temperatures over a certain range, in this case
between 590 - 660°C. As discussed in section 3.2, by pixelating multiple thermal paints
the temperature detection range can be increased dramatically while maintaining the
resolution of a single thermal paint. Figure 4-10 shows the qualitative and quantitative
results including a temperature map of a pixelated Inconel coupon in a temperature gradient.
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Figure 4-10: (a) Qualitative pixelation results, (b) corresponding temperature map of
a superalloy coupon exposed to a temperature gradient with maximum temperature of
650°C for 1 hour.
Each paint in a pixel reveals temperature information, both qualitatively and quantitatively. For example, the middle pixel in Figure 4-10 indicates:

GL-1734
Temperature > 420°C

GL-1705
Temperature = 635°C

GL-1862
Temperature < 730°C

GL-1850
Temperature < 950°C

Table 4-1: Pixelation results of an Inconel coupon subjected to a temperature gradient
(Fig. 4-10) the GL-1705 paint is in range and the rest are out of range.
Therefore, a pixel encompasses the cumulative temperature range of all the thermal paints while maintaining the resolution of individual paints and having built in redundancy. Efforts have been made to reduce pixel size and Figure 4-11 shows individual
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paints can still distinguish temperature in an area as small as 0.25 cm2. Therefore, it is
possible to create pixels able to detect temperature gradients upwards of

250°C
cm2

by plac-

ing four paints inside 1 cm2 while maintaining the resolution of an individual paint
(±5°C).

Figure 4-11: Photograph of a spectrometer probe placed over a coupon coated with a
thermal paint pixel (0.25 cm2).
An obvious step when repeating spectroscopy measurements over a large area
where high precision is necessary is to place the spectrometer in a gantry system and
raster across the surface in an automated manner. A simple gantry system was built by
using a CNC machine and replacing the mill with the spectrometer probe shown in Figure 4-12. The spectrometer light path is chosen in CAM software (Fig. 3-8) and the
spectroscopy data is output to MATLAB to generate temperature maps.
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Figure 4-12: Photograph of a spectrometer gantry system rastering over a superalloy
coupon pixelated with thermal paints, after exposure to a temperature gradient.

In summary, the thermal paints developed here can indicate temperature qualitatively and quantitively using UV:VIS spectroscopy. Both methods agree with thermocouple data and can capture temperature gradients with high resolution. When pixilated,
they can capture temperature gradients on the order of

250°C
cm2

. A simple automated spec-

trometer gantry system was built that assists in generating digital temperature maps that
can be overlayed on component CAD files, for comparison purposes.
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4.5

The Problem of Transient Temperature
To date experiments have only considered steady state temperature, conditions

rarely seen in gas turbine engines. The limitations of this are made clear in the following
experiment: a GL-1705 thermal paint sample and a thermocouple are exposed to transient temperature. The quantitative method of measuring temperature using thermal paint
reflectivity was conducted and the results are shown in Figure 4-13.

Paint Appearance

Figure 4-13: GL-1705 thermal paint exposed to a transient temperature and compared
to thermocouple data.
A thermocouple records the entire thermal history and shows a maximum in
temperature at 660°C. The thermal paint indicates it was exposed to 621°C for 0.9 hours.
The discrepancy between the thermal paint temperature and the actual temperature will
grow when exposed to more complicated temperature cycles. Therefore, a thermal paint
model which incorporates transient temperature was needed and developed in the next
sections.
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4.5.1

Temperature Effects on Sintering State
Solid state sintering densification is measured by the change in thickness of the
∆𝑙

glass coating relative to its initial thickness ( 𝑙 ) and is commonly used to calculate ac0

tivation energy when done at several different temperatures (Appendix A-1). Here, the
sintered state (𝑆) is a normalized value that is used to quantify the extent of sintering
∆𝑙

or relative density and is typically derived from densification data. Densification ( 𝑙 )
0

and sintered state 𝑆 as a function of temperature for the GL-1705 thermal paint is shown
in Figure 4-14.

To

∆𝑙

Figure 4-14: Sintered state (𝑆) and ( 𝑙 ) of GL-1705 as function of temperature for 10
0

minutes of exposure with the corresponding optical properties.
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The relationship between temperature and sintered state is represented as a sigmoidal function, having an exponential temperature dependence that was predicted by
[Frenkel 1945, Möller & Welsch 1985].

𝑆(𝑇) =

𝑎
1 + 𝑒 −𝑏𝑇

(6)

where 𝑆 is the sintered state, 𝑇 is temperature, and 𝑎 and 𝑏 are parameters to fit the
experimental densification data. Below the transition range, sintering has yet to begin
thus no changes in the sintering state or optical properties were observed. At temperature in the temperature range, sintering occurs rapidly giving rise to the optical transition. Above the transition range, sintering is complete and no additional changes in the
sintered state or optical properties were observed.
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4.5.2

Time Effect on Sintering State
Time effect on sintering, predicted in section 2.2, and established in section 4.3,

was implemented into the sintering model using the fact the Optical Transition Temperature (𝑇𝑜) occurs at a sintered state of approximately 0.5 and decays as the logarithm of
time as shown in Figure 4-15.

𝑆(𝑡) = 𝑐 𝑙𝑛 𝑡 + 𝑑

(7)

where 𝑆 is sintered state, 𝑡 is time, and 𝑐 and 𝑑 are parameters to fit the data.

Figure 4-15: Time - temperature behavior of the GL-1705 paint to achieve sintered
state S(0.5) also known as the Optical Transition Temperature (To).
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4.5.3

Combined Temperature & Time Effects on Sintering
After establishing the effects time and temperature independently, a complete

model was developed that incorporates both variables, time and temperature, together.

𝑆(𝑇, 𝑡) =

𝑎

(8)

1 + 𝑒 −𝑏(𝑇+𝑐 𝑙𝑛 𝑡+𝑑)

This model has inputs of time and temperature after thermal paint exposure and outputs
the sintered state. Many combinations of time and temperature can achieve the same
sintered state as shown in Figure 4-16.

Tg

Figure 4-16: Time-temperature paths (A, B, C) graphed on the sintering surface reaching the sintered state (0.5) thus having equal optical properties.

Thermal paints following three temperature paths (A, B, C) that reach the sintered state 𝑆(0.5) are overlayed on the sintered state curve 𝑆(𝑇, 𝑡). A method to equate
these sintered states by comparing the areas under the time-temperature paths, coined
heat work (℃ ∙ 𝑠) [Stevens & Carty 2022], was conducted and as obviously shown in
Figure 4-16 are unequal.
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4.5.4

Sintering Energy Equation
A second method to equate these physical states is to calculate the volume under

the sintered state curve that represents the sintering energy as defined in Equation 9.
𝑡

𝑇

𝐸 = ∫ ∫ 𝑆(𝑇, 𝑡) 𝑑𝑇 𝑑 𝑙𝑛 𝑡

(9)

0 𝑇𝑔

where 𝐸 represents the sintering energy in arbitrary units, 𝑇𝑔 is glass transition temperature, and 𝑆(𝑇, 𝑡) is the sintering curve defined in Equation 8.
The calculated results of the sintering energy for steady state time and temperature paths, including A,B,C from (Fig. 4-16), are listed in Table 4-2.

Path A

Path B

Path C

Time

Temperature

Sintering Energy (E)

[hours]

[°C]

[a.u.]

0.167

639

0.7572

0.33

634

0.7574

1

628

0.7570

3

621

0.7571

8

615

0.7561

18

610

0.7550

60

610

0.7527

Table 4-2: Sintering energy (𝐸) calculated for various time-temperature paths (including those from Fig. 4-16) to achieve the sintered state S(0.5).

The paths chosen in Table 4-2 represent various steady state time - temperature paths
producing a sintered state of 0.5 with equal sintering energy (0.7561 ± 0.0013 a.u.). This
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indicates that the energy required to reach a sintered state can be the same for different
paths.
Sintering energy is a function of sintered state and can be calculated by inputting
steady state time - temperature combinations of known sintered states into
Equation 9, with the results shown in Figure 4-17.

Figure 4-17: Sintering energy (𝐸) as an exponential function of sintered state with corresponding optical properties.
Each sintered state corresponds to a unique sintering energy and is expressed as
exponential function of time and temperature.
𝐸 = 𝛼𝑒 𝛽𝑆(𝑇,𝑡)

(10)

where 𝐸 represents the sintering energy, 𝑆(𝑇, 𝑡) is the sintered state calculated using the
steady state time and temperature, and 𝛼 and 𝛽 are constants. There exists an infinite
number of time-temperature paths to reach a sintered state, but each state required the
same amount of energy to reach. Simply, if the sintered states are equal, the sintering
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energy is equal, regardless of path taken. Therefore, sintering energy (𝐸) can be viewed
as a state function from a thermodynamic perspective.
𝑆1 (𝑇1 , 𝑡1 ) = 𝑆2 (𝑇2 , 𝑡2 ) → 𝐸1 = 𝐸2

(11)

This key idea is used to solve the problem of transient temperature described in section
4.5. More information regarding sintering energy is shown in Appendix A-2.
4.5.5

Transient Sintering Energy Equation
Temperature path data is obtained by placing a thermocouple adjacent to the

thermal painted coupon and normalizing the results to give no information regarding
actual temperature. The thermocouple data from Figure 4-13 is normalized, fit to a function, and used as the transient temperature path according to Equation 12 and is shown
in Figure 4-18.

Figure 4-18: Thermocouple data from Fig. 4-13 normalized and fit to a polynomial
used as the transient temperature path.
𝑇̅(𝑡) = 𝑇̂(𝑡) + 𝑇𝑖

(12)

Where 𝑇̅(𝑡) is the normalized temperature path, 𝑇̂(𝑡) is the shape of the path, and 𝑇𝑖 is
the initial temperature.
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In section 4.5 (Fig. 4-13 and 4-18), the thermal paint follows a transient path but
appears to have taken the steady state path 621°C for 0.9 hours using the spectral data
and lookup table. These values are used to calculate the steady state sintered state (𝑆 𝑇̇=0)
and steady state sintering energy (𝐸 𝑇̇=0).

𝑆 𝑇̇=0 (𝑇, 𝑡) =

𝑎
1 + 𝑒 −𝑏(𝑇+𝑐 𝑙𝑛 𝑡+𝑑)

𝐸 𝑇̇=0 = 𝛼𝑒 𝛽𝑆(𝑇,𝑡)

(13)
(14)

With these two paths having equal sintered states, we can equate the sintering energies
between the steady state and transient paths from the relationship established in Equation 11 giving rise to:
𝑆 𝑇̇=0 = 𝑆𝑇(𝑡) → 𝐸 𝑇̇=0 = 𝐸𝑇(𝑡)

(15)

The sintering energy equation (Eqn. 9) can be modified to account for transient
paths by using the normalized temperature path function as the upper bound in the temperature integral and using the 𝛷[°𝐶] scaling parameter to unnormalize the temperature
function.

𝑡 Φ𝑇̂ (𝑡)+𝑇𝑖

𝐸𝑇(𝑡) = ∫
0

∫

𝑆(𝑇, 𝑡) 𝑑𝑇 𝑑 𝑙𝑛 𝑡

(16)

𝑇𝑔

From Equation 15: if the sintered states are equal (𝑆 𝑇̇=0 = 𝑆𝑇(𝑡) ) the sintering energies
can be equated (𝐸 𝑇̇=0 = 𝐸𝑇(𝑡) ). Therefore:
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𝑡 Φ𝑇̂ (𝑡)+𝑇𝑖

𝛼𝑒 𝛽𝑆(𝑇,𝑡) = ∫
0

∫

𝑆(𝑇, 𝑡) 𝑑𝑇 𝑑 𝑙𝑛 𝑡

(17)

𝑇𝑔

The Φ parameter is varied until the transient and steady state sintering energies are equal
as shown in Figure 4-19.

Figure 4-19: Transient and steady state paths of equal sintering energy graphed on the
sintering surface.

When the correct 𝛷 is chosen the equation is satisfied and the full thermal history
can be calculated using Equation 18 and the results are compared to the steady state
lookup table and thermocouple data (Fig. 4-20).
𝑇̅(𝑡) = 𝛷𝑇̂(𝑡) + 𝑇𝑖
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(18)

Figure 4-20: Thermal history of the GL-1705 thermal paint determined from the transient sintering energy model and compared to the steady state lookup table and thermocouple data.

The thermocouple records temperature in real time and indicates the maximum
temperature was 660°C. The thermal paint lookup table (steady state model) claims the
maximum temperature was 621°C but gives no other information. The transient thermal
paint model asserts the maximum temperature was 657°C and follows a path nearly
identical to that of the thermocouple. By observing the final state of the thermal paint
and knowing information regarding the temperature path, the thermal history can be
recovered. A complete flowchart for using the transient sintering energy model is shown
in Appendix A-3.
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Thermocouples are currently the gold standard in terms of temperature measurement; however, thousands of measurements would be required to fully a profile temperature map. Using the approach discussed within, a few thermocouples at locations of
high interest surrounded by thermal paints can give high-resolution thermal history data
over surfaces that are not accessible. Technicians will find instrumentation of the engine
to be simplified while engineers will see an increase in high-resolution temperature data.
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CHAPTER 5
CONCLUSION & FUTURE WORK
The development of high-resolution passive wireless temperature sensor that can
operate in the hot section of gas-turbine engines was the focus of this thesis. The temperature indicating paints (thermal paints) function up to 900°C yielding a qualitative
optical transition to determine local hot and cold spots and general temperature gradients
on the surfaces of engine components. UV:VIS spectroscopy can quantitively track this
transition increasing resolution to an average of ±5°C and upwards of ±3°C. Multiple
thermal paints can be pixelated to cover a wide range of temperatures while maintaining
the high resolution the individual paints offer. The paints have excellent adhesion to
nickel-based superalloys due to the matching coefficient of thermal expansion between
the paint and substrate.
Experiments show the paints function as temperature indicators for times up to
60 hours. SEM, optical microscopy, and spectroscopy results confirmed the sintering
mechanism and its effects on pore size and pore size distribution being responsible for
the observed optical transition beginning at the glass transition temperature (𝑇𝑔). A transient sintering energy model was developed that can recover the full thermal history
when temperature path information is available, which is a feature no other thermal paint
can provide.
These temperature indicating paints benefit further by rastering the UV:VIS
spectrometer in an automated gantry over engine components to generate quantitative
surface temperature maps for direct comparison to computational fluid dynamics and
heat transfer models. Designers with access to high-resolution experimental surface
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temperature maps can use this knowledge to develop the higher preforming, more efficient, and reliable engines of tomorrow.
Going forward, the crucial step is to develop and calibrate more temperature
indicating paints by selecting glasses with glass transition temperatures different from
the current library, thus increasing temperature range. The starting glass powders must
have CTEs that match those of superalloy substrates and more exotic materials including
Carbon Matrix Composites (CMC) used in the next generation of gas turbine engines.
Seamless integration with an automated gantry system is required for commercial use,
but proof of concept has been demonstrated. The transient sintering energy model shows
promise for one of the thermal paints and if expanded to a full library of paints could
recover information rivaling that of a thousand thermocouples. Finally, the paints must
be tested in an operating engine to ensure survivability in the harsh engine environment.
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APPENDICES
A-1

Activation Energy
The logarithm of densification versus inverse temperature yields an Arrhe-

nius plot used to determine the activation energy [Brinker et al. 1985]. The GL-1705
activation energy was calculated by measuring densification as a function of inverse
temperature using the method described in section 3.6 with results shown in Figure
A-1.

Figure A-1: Arrhenius plot of log densification vs. inverse temperature to calculate the
GL-1705 activation energy.

𝑘𝐽

The activation energy for GL-1705 was determined to be 475.9 𝑚𝑜𝑙 in agreement with predictions in section 2.2 for similar glass ceramic systems [Rajkumar et al.
2017; Wang et al. 1998; Stevens & Carty 2022, Silva et al. 2017, Zhang et al.2018].
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A-2

Sintering Energy
As discussed in section 2.2 viscous flow sintering is an exponential function of

temperature [Frenkel 1945; Kuczynski & Zaplantyskyj 1956] and a power or logarithmic function of time [Rahaman 2003; Juan 2017]. Therefore, the sintering energy (Eqn.
9) must reflect these facts in the results.

a

b
Figure A-2: Sintering energy as function of (a) temperature for various times and (b)
as function of time for various temperatures.
As shown in Figure A-2, sintering energy increases exponentially with temperature, as a power function of time, and begins at the glass transition temperature. These
results with the activation energy give confidence to the sintering energy model.
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A-3

Transient Sintering Energy Model

2

1

|E1-E2| <

𝜀

Figure A-3: Flow chart of the transient sintering energy function to recover the full
thermal history of a thermal paint.
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A-4

Nomenclature

𝐴

Reflectivity polynomial parameter CTE Coefficient of thermal expansion

𝐴0

Sintering densification

𝑎

Sintered state temperature parameter

𝐵

Reflectivity polynomial parameter 𝑏

Sintered state temperature parameter

𝐸

Sintering Energy

𝑐

Sintered state time parameter

𝐸𝑎

Activation Energy

𝑑

Sintered state time parameter

EṪ=0 Steady state sintering energy

𝑙0

Initial thickness

ET(t) Transient sintering energy

∆𝑙

Change in thickness

𝐾

Arrhenius constant

𝑚

Sintering rate constant

𝑅

Universal gas constant

𝑛

Reflectivity polynomial parameter

𝑅∗

Minimum reflectivity

𝑟

Glass particle radius

𝑆

Sintered state [0 1]

𝑡

Time

SṪ=0 Steady state sintered state

𝛼

Sintering energy constant

ST(t)

Transient sintered state

𝛽

Sintering energy constant

𝑇

Temperature

𝛾

Sintering energy constant

𝑇𝑔

Glass transition temperature

𝛾𝑠

Surface energy

𝑇𝑖

Initial temperature

𝛿

Sintering energy constant

𝑇𝑜

Optical transition temperature

𝜁

Sintering energy constant

𝑇𝑠

Softening temperature

𝜇

Viscosity

̅
T

Normalized temperature

𝜂

Sintering energy constant

̂
T

Shape of temperature curve

𝛷

Scaling parameter
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